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The achievement of exceptionally high purity in gold necessitates
extreme care not only in refining but also in subsequent rolling and
drawing. This paper describes the precautions adopted to produce
extremely high purity gold, as measured by its residual resistivity ratio.
The production and subsequent working of high
purity metals is of continuing and increasing im-
portance due to the demands made by the advanced
technology industries. In particular the electronics
industry, with a requirement for high performance
and reliability, has a specific interest in both pure
silver and pure gold. The work presented here was
undertaken to establish economic methods of pro-
ducing pure gold, in a variety of forms, on a com-
mercial scale.
When refining gold bearing ores, the final purifica-
tion on a commercial basis is almost always carried
out either by the Wohiwiil electrolytic method or the
Miller process. In addition to these two commercial
processen there are two laboratory methods, pre-
ferred by analytical chemists, whereby gold is
separated from a large number of impurities either
by ion exchange (1, 2, 3) or by the extraction of
Au(III) from a chloride solution with various organic
solvents (4, 5). The modest capacity of the ex-
changers means, however, that this method is likely
to remain exclusively for laboratory use. On the'other
hand, the liquid-liquid extraction process is definitely
of commercial interest due, in part, to the very high
coefficient of distribution for gold (6, 7).
During the work reported, 0.5 molar Au(III) in
In HCl doped with 1000 ppm each of a number of
impurities typically found in gold was extracted with
diethyleneglycoldibutylether (Dibutyl-carbitol) and
reduced to elemental gold with oxalic acid. The
impurities both in the organic gold solution and in
the reduced metal were determined by quantitative
spectrographic analysis. The results are given in
Table I where, for greater clarity, the limits of
detection are included.
The separation of a number of elements during
extraction with Dibutyl-carbitol was more thoroughly
investigated with the aid of radio-tracers. The
elements used were silver, arsenic, copper, iron,
mercury, palladium and scandium (instead of
aluminium) in amounts of 1, 10 and 100 ppm. The
gamma ray spectra (2000 channels per spectrum)
were recorded by a 3" x 3" NaJ(T1) Well Type
Gamma Ray Detector and the distribution of the
radio-tracers determined in both phases. Table II
gives TF, the separation factors—that is the con-
centration of the element in the aqueous phase com-
pared to the concentration of the element in the
organic phase—for individual elements. It can be
seen that the TF values for some of the elements are
concentration-related.
Sample Preparation
Following the oxalic acid reduction process the
resulting gold sponge was melted in a high purity
graphite crucible. When the casting skin had been
Al ^ 	 Cu Fe Ni Pd , pt
Extracted 0.8±0.2 0.6±0.1 2.2±0.4 " n.d. 0.30.07 n.d.
Reduced n.d. 0.4±0.07 1.5±0.27 ' n d  0.1±0.02 n.d 
Limit of detection 0.1	 - I"	 (,	 ""	 "	 0.1	 ;	 " 0.2 " 0.2 0.1 3.0`
na.-not detected
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possible contamination on the residual resistivity to
Ti a II	 be determined. Table III lists the impurities of the
Separation Facto of thé Radio-tracé :























machined from the ingots they were pickled in dilute
aqua regia.
After the rolls had been degreased and cleaned one
of the gold ingots was put through the rolling mill.
This resulted in further cleaning of the rolls, and the
deposition of a fine gold film in some places. The
proper samples were then rolled down from 5 mm to
200 microns without interannealing. Without
cleaning the rolls again, a proportion of the material
was reduced to 30 microns to enable the effects of
Measuring the Residual Resistivity
The degree of purity of a metal is normally quoted
in terms of the residual resistivity ratio (RRR), that
is to say the ratio of specific resistance at 293K and
4.2K. The residual resistivity (P 4 . 2) is caused by the
scatter of conduction electrons in the vicinity of
impurities, lattice defects and the surface of samples.
It is possible to diminish the influence of most im-
purities by controlling the annealing process in an
oxidising atmosphere, and that of the lattice defects
by slow cooling.
After degreasing and pickling, the foils were
annealed in a quartz tube at 900 and 1000°C in air
and slowly cooled to room temperature over a period
of about 10 hours. To obtain the highest possible
residual resistivity ratio, annealing times were varied
between 1 and 40 hours, see Table IV.
The residual resistivity ratio increases with tem-
perature. Time dependence is measured against a
standard temperature of 1000°C. Figures 1 and 2
show the results for the 200 micron and the 30
micron thick foils. As can be seen from the Figures,
looked at in conjunction with Table IV, both thick-
nesses exhibit an initial rise in RRR which reaches
saturation point after an annealing time of about 20
hours.
Discussion of Results
Since oxygen is virtually insoluble in gold (8) the
impurities are not eliminated from the lattice by
internal oxidation as is the case with silver, instead
they diffuse towards the surface where they become
oxidised.
Table V shows the increase in specific resistance
calculated from the test results, Table III, and the
known increase in atomic resistance (9) caused by
individual impurities. -°
Based on the overall increase in resistance, given in
the right hand column of Table V, the RRR for the
thicker foil works out at 141 and that for thinner foil
Table III
Contamination of Gold Foil, in Weight ppmF
Foil




200 8.0±3.4 0.95±0.4 2.1±0.5 5.1±1.3 n.d.	 16.15±5.6
30 :80±34 4.0±1.7 4.6±1.1 21.0±5.4 Ô.93±0.2	 38.53±11.8
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Table IV
Residual Resistivity Ratio for Two Foile After Varying Annealing Treutments
Annealing Conditions Residual Resistivity Ratio
Temperature, °C Time, hours :. 200 micron foil 30 micron foil
20 0 40
900 16 2000 1400
1000 8 400 1200
1000 - 16 2900
•	 1000 "	 . 24 3400 (4530)** 1500
1000 i 32 3250 1600(5720)**
1000 40 2850 1600
1000*' 3 300 200
* 4 x 10-7 torr ** The figures in parenthesis have been corrected for the size effect`
Table V
Calculated Increase in Resistance, tmS1cm X 104
Foil
Thickness Ag Al Cu Fe Ni Total lncrease
Microns
200 5.0±2.0 13.0±6.7 2.9±0.7 142± 36 n.d. 163± 45
30 5.0±2.0	 54.7±23 6.4±1.5 
	 585,150 2.5±0.6,	 654±177
at 35, showing qualitative agreement with test data.
Since approximately 90 per cent of the increase in
resistance is caused by iron, the dependence of RRR
on annealing time is likely to be determined in the
first phase by the amount of iron diffusion.
The concentratiort of an element is given with
adequate accuracy, and disregarding minor terms, by
(10):
c=(8c0/7r2) exp ( — Tt2D(T)t/d2)
where co is initial concentration, d is foil thickness, t
is annealing time and T is temperature.
The coefficients of diffusiort of the elements
under consideration at 1000°C (11) are shown in
Table VI.
Assuming that the diffusion of impurities to the
surface is assisted by simultaneous oxidation, no
depletion of silver can be expected at an annealing
temperature of 1000°C since Ag 20 is unstable at that
temperature. Nor is the metal likely to vaporise since
at a concentration of 5 ppm the partial pressure
according to (8) is less than 5 x 10-8 torr.
In conjunction with Table VI and the ca values of
Table 11I, the equation above provides the basis for
calculating the cortcentrations c, and from these the
increase in specific resistance as a function of time
are obtained and presented in Tables VII(a) and
VII(b).
As already mentioried, the residual resistivity of
thin foil is basically limited by electron scatter at the
surface of the sample. According to (12) the figure is
1.7 x 10-4
 µmf2cm for a thickrtess of 200 microns,
and 10.4x 10-4
 µm~ cm for a foil thickrtess of 30
microns.
The resulting overall residual resistivity P4.2 and
the RRR values for the various annealing times appear
in the last two columns of Tables VII(a) and VII(b)
and in Figures 1 and -2. Mean values are in good
agreement with experimental data. Values corrected
for size effect are also included in Table IV.
Under given annealing conditions the RRR of a
200 microns thick foil is determined by the diffusion





Calculated Increase in Resistance, tf cm x 104, at 1000°C as a Function of Annealing Time
(a) Foil Thickness 200 Microns
Time, hours Ag  Al  `.	 Cu  Fe
 `Size Effect Total Increase RRR
0 5 13.0 2.9 142 1.7 165	 ±45 .140
1 5 0.24	 ' 0.95 71. 1.7 79;	 119.6 , 291
2 5 0.005 0.38 44 1.7	 '' 51	 ±13 451
5 5 — 0.026 ' 10 1.7 17	 f 4.6 1352
8 5 0.0017 2 .4 1.7 9	 f 26 2555
10 5 — 0.93 1.7 7.6	 2.2 3026
16 5 — 0.05 1,7 ' 6.75, 2.0 3407
24 5 — 0.001 1.7 6.701 ± 2.0 3432
32 5 1.7 6.70 ± 2.0 3433
(b) Foil Thickness 30 Microns
'time, hours
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Fig. 1 Foil 200 microns thick, annealed at 1000°C
8 hours. At longer annealing times the residual
resistivity ratio is governed by the amount of silver
and the size effect. Due to shorter diffusion times
for the 30 microns foil, very brief annealing times
suffice for the residual resistivity ratio to be deter-
mined by the amount of silver and the size effect.
Further increases in the residual resistivity ratio or
purity of gold can only be achieved by the elimination
of silver, for example by annealing in a chlorine
atmosphere. Thereafter, the RRR is likely to be
almost exclusively influenced by the size effect.
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